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Total dissolved Zn and Zn speciation were investigated by cathodic stripping voltammetry
(CSV) in the northeastern Indian Ocean and the Andaman Sea. Vertical distributions of
total dissolved Zn concentration (CZn) in the northeastern Indian Ocean and the Andaman
Sea reflect that the deep water from the Andaman Sea was rapidly replaced by incoming
waters from the northeastern Indian Ocean across the sills and was homogenized by
vertical mixing. In the Andaman Sea, CZn at the near surface, <50m in depth, ranged
from 0.33 to 1.14 nM at the southernmost station, which is an order of magnitude
higher than those at the northernmost station, 0.03–0.22 nM, where is in close proximity
to the estuaries of the Irrawaddy and Salween rivers. However, the Si concentration
in the near surface water, 16.3µM, was highest at the northernmost station of the
Andaman Sea. In the northeastern Indian Ocean, only one sample was applied to
estimate total ligand concentrations (CL) and conditional stability constants (K
′
ZnL,Zn2+ )
for organic complexation of Zn. The CL and K
′
2+ in the northeastern Indian OceanZnL,Zn
were 0.5 nM and 10.0, whereas those of the Andaman Sea were 0.4–0.9 nM and
9.6–11.4, respectively. We observed no clear relationship between chlorophyll a (Chl
a) and CL in the Andaman Sea. Various sources of Zn complexing ligands might be
derived in the Andaman Sea, not only from bacteria and phytoplankton, but also from
the Irrawaddy–Salween rivers.
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Introduction
Zn is used in numerous enzyme systems involved with a variety of metabolic processes (Vallee
and Auld, 1990). In the ocean, total dissolved Zn concentration (CZn) has a nutrient-like vertical
profile with a particularly strong correlation with silicate (Bruland, 1980). However, a previous
study showed that biogenic opal has low Zn content, which suggests that Zn is not directly involved
with Si uptake and that the amount of Zn incorporated into opal represents only 1–3% of the
total amount taken up by diatoms (Ellwood and Hunter, 2000). Thamatrakoln and Hildebrand
(2008) also suggested that Zn is not involved in silicon uptake or in silicon transporter proteins.
A recent study has shown that scavenging of dissolved Zn onto sinking particles could be a reason
of deeper Zn regeneration, generating depth profiles similar to that of silicate (John and Conway,
2014). Low Zn concentrations could limit CO2 uptake and, ultimately, the growth rate in some cells
through reduced production of the enzyme carbonic anhydrase (CA; Price and Morel, 1990; Morel
et al., 1994; Lane and Morel, 2000). Low rates of phosphate uptake from dissolved organic P in
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oligotrophic waters have been linked to the limitation of available
Zn in seawater via its central role in the enzyme alkaline
phosphatase (Shaked et al., 2006). At high concentrations, Zn
could be toxic to phytoplankton and bacteria (Sunda and
Huntsman, 1996, 1998; Chen et al., 2008). Moreover, low
Zn concentrations in surface seawater could limit growth of
some kinds of phytoplankton (Brand et al., 1983; Sunda and
Huntsman, 1998, 2000), although Zn limitation has not been
observed in field studies (Coale et al., 2003; Crawford et al., 2003;
Lohan et al., 2005; Jakuba et al., 2012).
In most surface waters, natural organic ligands strongly
bind Zn and dominate the speciation of the total Zn pool.
Organic complexation reduces the fractions of free-metal
ions (Zn2+) to levels as low as 1 pM (Bruland et al.,
1991; Ellwood and van den Berg, 2000). Culture experiments
have shown that Zn2+ concentration of <1 pM limits the
growth of some phytoplankton species (Brand et al., 1983;
Sunda and Huntsman, 1992, 1995). Therefore, the study of
Zn speciation is important for understanding the oceanic
biogeochemical cycling of Zn. In the open oceans, studies
of Zn complexation in surface water of the North Pacific
and North Atlantic reveal that >95% of Zn is complexed
to organic ligands (Bruland, 1989; Donat and Bruland, 1990;
Ellwood and van den Berg, 2000; Jakuba et al., 2012), whereas
Zn predominated as inorganic Zn in both surface and deep
waters of the Southern Ocean (Baars and Croot, 2011). In
marginal seas, few studies indicated relatively high total ligand
concentrations (CL) and relatively low conditional stability
constants (K′ZnL,Zn2+ ) in the surface waters of the Black Sea
(Muller et al., 2001), Bering Sea (Jakuba et al., 2012), Sea
of Okhotsk, and Sea of Japan (East Sea) (Kim et al., 2015b)
compared with those in open oceans. The main sources of
Zn complexing ligands could be humic substances (Campbell
et al., 2002), phytoplankton and bacteria-excreted organic
substances (Bruland, 1989), and pore waters from estuarine
marine sediments (Skrabal et al., 2006). However, more Zn
speciation studies are needed to determine distributions and
sources of Zn ligands.
The northeastern Indian Ocean, including the Bay of Bengal
and the Andaman Sea (Figure 1), is characterized by surface
current systems with strong monsoon seasonality (Shankar
et al., 2002), and the biogeochemical cycles in the basins
are significantly influenced by fluvial dissolved substances and
suspended sediment loads (Milliman andMeade, 1983; Robinson
et al., 2007). The Ganges and Brahmaputra rivers carry a large
amount of terrestrial debris, ∼ 2 × 1012 kg/yr, into the northern
part of the Bay of Bengal, which corresponds to ∼10% of the
world’s fluvial discharge (Milliman and Meade, 1983). In the Bay
of Bengal, this high accumulation of sediment has created a broad
submarine alluvial Bengal Fan and has affected the topography of
the entire sea bottom.
This study presents the distributions of CZn and Zn speciation
in the northeastern Indian Ocean and the Andaman Sea
by using competitive ligand equilibration–adsorptive cathodic
stripping voltammetry (CSV) to characterize organic Zn
complexing ligands and their influence on the chemical
speciation of Zn.
FIGURE 1 | Location of sampling stations in the northeastern Indian
Ocean (NR-1, filled square) and the Andaman Sea (MY-1–MY-6, filled
circles).
Materials and Methods
Sample Collection and Storage
Seawater samples were collected in the northeastern Indian
Ocean (NR-1) and the Andaman Sea (MY-1–MY-6) during R/V
Hakuho-maru research cruise KH-13-4 in July and August, 2013.
Locations of the sampling stations are indicated in Figure 1.
The Andaman Sea is a marginal sea of the Indian Ocean
that extends between the Malay Peninsula on the east and the
Andaman and Nicobar islands on the west. The Andaman Sea
forms the far eastern part of the northern Indian Ocean and
is separated from the western Bay of Bengal by the Andaman–
Nicobar island chain. In the northern region, a the submarine
delta created by outflow of the Irrawaddy and Salween rivers
is connected to the eastern shallow shelves along the Malay
Peninsula and the Malacca Strait (Robinson et al., 2007). From
the shelves, the sea bottom drops off sharply into a large central
basin and two smaller basins deeper than 2000m extending along
the north–south island arc. The maximum depth is 4180m at the
south end of the central basin. The sill depths of the channels
across the Andaman–Nicobar Ridge are shallower than 1800 m.
Therefore, the deep water below this depth of the Andaman
Sea Basin is isolated from the Bay of Bengal, and its maximum
water temperature remains approximately 2◦C down to the
bottom (Sarma and Narvekar, 2001). Previous studies reported
the vertical profiles of dissolved rare earth elements (Nozaki and
Alibo, 2003), 230Th (Okubo et al., 2004) and Al, in addition to
In and Ce (Obata et al., 2004). CZn and its speciation in the
Andaman Sea, however, have not been reported thus far.
The sampling methods have been detailed in previous
research (Kim et al., 2015a). Briefly, seawater samples were
Frontiers in Marine Science | www.frontiersin.org 2 August 2015 | Volume 2 | Article 60
Kim et al. Zn speciation in the Indian Ocean
collected by using acid-cleaned Teflon-coated X-type Niskin
samplers. The O-rings inside the Niskin samplers and the
spigots were replaced with Viton and Teflon parts, respectively.
X-type Niskin bottles were cleaned by using a 1% alkaline
surfactant (Extran MA01), 0.1M HCl (Special Grade, Wako
Pure Chemical Industries) and Millipore Milli-Q water. The
acid-cleaned Teflon-coated X-type Niskin bottles were then
deployed on a conductivity–temperature–depth carousel multi-
sampling system (SBE-911plus and SBE-32 water sampler, Sea
Bird Electronics, Inc.), on which a Zn sacrificial anode was
replaced with an Al anode to avoid the possibility of Zn
contamination from the frame. For sub-sampling, the Niskin-X
bottles were detached from the carousel frame and were carefully
moved into a clean space filled with HEPA-filtered air in the
onboard laboratory of the research vessel. Seawater samples were
filtered by using an acid-cleaned 0.2-µm, Acropak capsule filter
(PALL Co.) directly connected to the Niskin-X Teflon spigot.
The filtered samples were stored in acid-cleaned 500-mL low-
density polyethylene bottles (Nalgene Co., Ltd) after being rinsed
at least four times with filtered seawater. The samples were then
acidified to achieve a pH< 1.8 by using ultrapure HCl (Tamapure
AA-100, Tama chemicals) and were placed in storage for later
measurement of CZn. The filtered samples for Zn speciation
analysis were frozen immediately after collection until just before
analysis.
Total Dissolved Zn Analysis
CSV was used to determine the CZn in the seawater (van den
Berg, 1985; Donat and Bruland, 1990; Ellwood and van den
Berg, 2000; Lohan et al., 2002; Kim et al., 2015a). In this study,
the 757VA Computrace (Metrohm) voltammetric system was
used. The reference electrode was Ag/saturated AgCl, 3M KCl.
The counter electrode was composed of glassy carbon, and
the working electrode was a hanging mercury drop electrode.
To decompose interfering dissolved organic matter and metal
complexing organic ligands, which occur naturally in seawater
(van den Berg, 1985), an ultraviolet (UV) irradiation system was
used (Kim et al., 2015a). In this study, seawater samples were UV-
irradiated over 40min to ensure the full breakdown of naturally
occurring dissolved organic matter by using a high-pressure
mercury vapor UV lamp (450 Watts, UM-453B-A, USHIO).
The sample solution was kept cold with ice to prevent water
evaporation during the UV-irradiation.
Following UV-irradiation, 10mL of the seawater sample
was added to a Teflon cell with 100µM ammonium 1-
pyrrolidinedithiocarbamate (APDC) and 2mM buffer solution
piperazine-1,4-bis (2-ethanesulfonic acid) (PIPES). The pH
values of the samples were adjusted to 7.0 by adding ultrapure
aqueous ammonia (Tamapure AA-100, Tama chemicals). In
the Teflon cell, Zn was complexed with APDC (Zn-PDC)
and absorbed onto the hanging mercury drop electrode. The
reduction current peak of Zn2+ in the adsorbed Zn-PDC
complexes was found to be approximately−1.1V. Voltammetric
conditions included differential pulse mode, 4min 99.9995% N2
gas purge, 60–300 s deposition time at −0.3V, 8 s equilibration
time, and a negative scan from −0.75 to −1.2V with a 0.05V
pulse amplitude, 0.02 s pulse time, 0.0047V voltage step, 0.2 s step
time, and 0.024V/s sweep rate. The potential of the electrode
was scanned in the negative direction. The concentrations of
Zn in the seawater were calibrated by using a standard addition
method (Lohan et al., 2002). The procedural blank value was
obtained from Zn-removed seawater, which was passed through
a chelating resin column (NOBIAS CHELATE-PA1, Hitachi
High-Tec) (Kim et al., 2015a). This Zn-removed seawater was
UV-digested. The deposition time for the Zn-removed seawater
was 360 s. The resulting procedural blank value was calculated
to be 71 ± 8 pM (n = 7). This blank value was used to
calculate the CZn, which were subtracted from the measured
values. The detection limit, calculated as three times the standard
deviation of measurements of the blank values for purified
seawater, was 26 pM. To assess the accuracy of the entire
analytical procedure, Zn concentrations in SAFe samples S (SAFe
Intercalibration North Pacific 2004, surface seawater) and D2
(SAFe Intercalibration North Pacific 2004; 1000m) (Johnson
et al., 2007) were determined and compared. The results of this
intercalibration were 0.063 ± 0.002 nmol/kg for S and 7.37 ±
0.13 nmol/kg for D2, which are in good agreement with the
reported consensus values of S = 0.069 ± 0.010 nmol/kg and
D2 = 7.43 ± 0.25 nmol/kg (http://www.geotraces.org/science/
intercalibration/322-standards-and-reference-materials).
Zn Speciation
Theory
Zn speciation was determined through titration by using
competitive ligand equilibrium/adsorptive CSV (van den Berg,
1985; Donat and Bruland, 1990), which uses a competitive
equilibrium between Zn-complexing ligands naturally present in
the sample and a competing ligand (APDC). A titration curve is
produced by adding increasing concentrations of Zn. Once the
natural ligands are saturated with Zn, the reduction peak current
will be increased proportionally to the added Zn concentration
(Figure 2). The CZn of a sample can be defined as
CZn =
[
Zn′
]
+ [ZnL]+ [ZnPDC] , (1)
where [Zn′] is the concentration of inorganic Zn, [ZnPDC] is the
concentration of Zn complexed with APDC, and [ZnL] is the
concentration of Zn complexed by natural ligands. By using a
simple one-ligand model, the complexation of Zn in seawater by
natural ligands can be defined as
K′ZnL,Zn2+ =
[ZnL][
Zn2+
]
[L′]
, (2)
where K′ZnL,Zn2+ is the conditional stability constant of the
Zn complex with respect to Zn2+ in seawater, and [L′] is the
concentration of the free ligand.
The CL of a sample can be defined as
CL = [ZnL]+
[
L′
]
. (3)
Substitution for [L′] in Equation (2) using Equation (3) and
rearranging terms gives the van den Berg/Ružic´ linearization
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FIGURE 2 | Example of Zn titration data (MY-6, 15m). (A) Voltammetric
scans for Zn additions. (B) The response of Zn peak current with increasing Zn
additions. The line and blank circles indicate the response of UV-irradiated
sample. (C) Linear relationship obtained by transforming the titration data. The
calculated CL and log K
′
ZnL,Zn2+
were 0.9 nM and 10.1, respectively.
(Ružic´, 1982; van den Berg, 1982). The equation for the resulting
line is [
Zn2+
]
[ZnL]
=
[
Zn2+
]
CL
+
1(
K′ZnL,Zn2+ × CL
) . (4)
When values of [Zn2+]/[ZnL] are plotted against corresponding
values of [Zn2+], a linear relationship is obtained with
a slope equal to 1/CL and with the intercept yielding
1/
(
K′ZnL,Zn2+ × CL
)
.
The observed reduction peak current (ip) is related to the
concentration of Zn2+ by the equation
[
Zn2+
]
=
ip
S×α′
, (5)
where S is the sensitivity, which is calibrated by standard
additions to UV-irradiated seawater (UVSW), and α
′
is the
overall side reaction coefficient for Zn:
α′ = αZn + αZnPDC, (6)
where αZn is the inorganic side reaction coefficient for Zn. A
value of 2.2 (Turner et al., 1981; Donat and Bruland, 1990; Jakuba
et al., 2008, 2012) was used in this study. αZnPDC, the side reaction
coefficient for Zn with PDC, is fixed by the concentration of PDC
added to the sample. αZnPDC can be calculated as
αZnPDC = K
′
ZnPDC
[
APDC′
]
, (7)
where K′ZnPDC is a conditional stability constant, and
[
APDC′
]
is the concentration of APDC not complexed by Zn2+. Because
this
[
APDC′
]
is much greater than that of Zn, the total APDC
concentration
([
APDC′
]
T
)
can be selected for calculations. A
K′ZnPDC value of 104.4 was used for seawaters of pH 8.2 with
borate buffer (Ellwood and van den Berg, 2000). [ZnL] can be
calculated as
[ZnL] = CZn −
(
ip
S
)
, (8)
where
(
ip/S
)
is equal to labile Zn (Znlabile) concentration
(= [Zn′] + [ZnPDC]). Combining Equations (5) and (8),
[Zn2+]/[ZnL] can be calculated as
[
Zn2+
]
[ZnL]
=
ip
α
′
×
(
(S× CZn)− ip
) . (9)
Finally, once CL and K′ZnL,Zn2+ have been determined, the
concentration of Zn2+ can be calculated by the following
quadratic equation (Ellwood and van den Berg, 2000):
[
Zn2+
]2
· αZn ·K
′
ZnL,Zn2++
[
Zn2+
] (
K′ZnL,Zn2+ ·CL −
K′ZnL,Zn2+ · CZn+ αZn
)
− CZn = 0 (10)
Experimental
Acid-cleaned Teflon vials were used for Zn titration. Tominimize
the effects of adsorption onto the vial walls, the Teflon vials
were rinsed twice with 10mL of the sample. After rinsing, 10mL
of the seawater sample and 4mM of borate buffer were added
to each Teflon vial; the borate buffer was added to achieve a
pH of 8.2. Each vial was then spiked with Zn concentrations
of 0.2–6.0 nM and was allowed to equilibrate. After 2 h, 25µM
of APDC was added to each vial. The APDC was allowed to
equilibrate for 12 h (Ellwood and van den Berg, 2000; Lohan et al.,
2005). At this APDC concentration, the detection window of the
method is approximately from K′ZnL,Zn2+ = 10
7 to 1012 for a
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CL of 1 nM. The first two vials were not spiked with Zn and
were used as replicates for the starting point of the titration. The
voltammetric conditions were differential pulse mode, 4min N2
gas purge, 180 s deposition time at −0.6V, 8 s equilibration time,
and a negative scan from −0.75 to −1.2V with a 0.05V pulse
amplitude, 0.02 s pulse time, 0.0047V voltage step, 0.2 s step time,
and 0.024V/s sweep rate. One example of the titration is shown
in Figure 2.
Zn speciation data obtained by using linear fit were compared
with those obtained by non-linear fitting (Gerringa et al., 1995).
When non-linear fitting was applied to the Zn titration data
from this study, there was generally good agreement with the
CL and log K′ZnL,Zn2+ calculated by the linear method, with
differences of ∼0.2 nM and ∼0.2, respectively. Thus, both linear
and non-linear models generally produced consistent results for
Zn speciation with the competitive ligand equilibrium/adsorptive
CSV method.
Chl a, Silicate, and Salinity Determination
Chlorophyll a (Chl a) was measures by using the following
fluorometric method. For the analysis of Chl a, 290mL seawater
samples were immediately filtered through 25mm Whatman
GF/F glass fiber filters maintaining vacuum levels of 0.02MPa
or less. The filters were placed in polypropylene vials and were
extracted in 6.0mL N, N-dimethylformamide. The samples were
allowed to be extracted for 1–2 days in a freezer at −20◦C.
After removal from the cold environment, the extracted samples
were placed in a 13mm glass cuvette and measured on a Turner
Designs 10-AU field fluorometer with a chlorophyll optical kit
for the non-acidification method (Welschmeyer, 1994). The
concentrations of Chl a in the sample (µg/L) were calculated
from the reading by using calibration and scaling factors.
Silicate concentrations were determined by using an auto
analyzer SWAAT (BLTEC Japan). β-molybdosilicic acid is
formed by the reaction of silicate with molybdate at pH levels
of 1–1.8. The β-molybdosilicic acid is reduced by Sn(II) to form
molybdenum blue with an absorbancemaximum at 630 nm. Data
were corrected by using seawater reference nutrient material
(KANSO).
Practical salinity was measured by using an Autosal laboratory
salinometer (Model 8400B, Guildline Instruments Ltd., Canada).
The sampling bottles for practical salinity tests were prepared
according to Joint Global Ocean Flux Study protocol. The
Autosal was standardized by using International Association for
the Physical Sciences of the Oceans standard seawater.
Results
Hydrography
Table 1 shows the data obtained in this study. The surface
salinities at <50m in the Andaman Sea (MY-1–MY-6), 28.624–
33.864, were relatively lower than those of in the northeastern
Indian Ocean (NR-1, 34.226–34.228). Additionally, the surface
salinities in the Andaman Sea were gradually increased from
north to south (Table 1). Figure 3 shows the vertical profiles
of salinity, potential temperature, and dissolved O2 in both the
northeastern Indian Ocean (NR-1) and the Andaman Sea (MY-
1 and MY-3). The deep water of the northeastern Indian Ocean
is most simply characterized as a tongue of circumpolar water
extending north from the south (Wyrtki, 1971). In the Southern
Ocean, the original circumpolar deep water has relatively high
salinity andO2 due to the presence of North Atlantic DeepWater.
Although dissolved O2 is consumed by respiration during the
northward transport of the deep water, the salinity in circumpolar
deep water of the northeastern Indian Ocean (NR-1) and the
Andaman Sea (MY-1 and MY-3), remains high as indicated by
the maximum salinity of>35.000 at 275–596m (Figure 3A).
The potential temperature in both the northeastern Indian
Ocean and the Andaman Sea are comparable to a depth of
1000m (Figure 3B), although the deep waters below 1500m
of the Andaman Sea are consistently warmer than those of
the northeastern Indian Ocean. Below 1500m, the potential
temperatures in the Andaman Sea are relatively uniform (4.99–
5.32◦C), where as those of northeastern Indian Ocean were
decreased from 4.55 to 1.80◦C (Figure 3B).
Dissolved O2 decreases sharply from the surface to a
minimum of <20µmol/L at 298–396m for NR-1, 198–249m
for MY-1, and 239m for MY-3. In deep layers, dissolved O2
concentrations increase toward the bottom. The high dissolved
O2 concentration near the bottom at station NR-1 suggests that
the bottom and the deep waters are fed from the south. The
sharp decrease in dissolved O2 from the surface with increasing
depth is attributed to high productivity, and the shallow depths
of the O2 minimum and the salinity maximum are indicative of
the upwelling regime of the northeastern Indian Ocean, which is
consistent with the general circulation pattern (Schmitz, 1995).
The profiles of dissolved O2 in the northeastern Indian Ocean
and the Andaman Sea are separated below 1000m, which is
consistent with those of potential temperature. The deep water of
the Andaman Sea has uniform concentrations for dissolved O2,
whereas it increases with depth in the northeastern Indian Ocean
(Figure 3C). The O2 profile indicates that the deep water of the
Andaman Sea is highly similar to that of the inflowing water from
northeastern Indian Ocean in the Bay of Bengal, suggesting that
the deep Andaman Sea water is replaced rapidly before detectable
dissolved O2 consumption occurs in its deep water (Okubo et al.,
2004).
Total Dissolved Zn and Silicate Concentrations
In this study, the vertical distributions of CZn were nutrient type
(Figure 4A), which is similar to previous studies in the North
Pacific (Bruland et al., 1978, 1979, 1994; Bruland, 1980; Lohan
et al., 2002; Cutter and Bruland, 2012; Kim et al., 2015a), South
Atlantic (Wyatt et al., 2014), southern Indian Ocean (Gosnell
et al., 2012), and Southern Ocean (Croot et al., 2011). The Si
concentrations were strongly correlated with CZn (Figure 4B).
Vertical profiles in the northeastern Indian Ocean (NR-1) and
the Andaman Sea (MY-1 and MY-3) also showed similar features
such that both CZn and Si were separated below 1500 m.
In the Andaman Sea, CZn in near the surface water (<50m)
ranged from 0.33 nM to 1.14 nM at the southernmost station
(MY-1), which was an order of magnitude higher than those of
the northernmost station (MY-6, 0.03 – 0.22 nM) (Table 1). On
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TABLE 1 | Seawater analysis results and associated hydrographic data obtained in this study.
Station Depth Potential Salinity O2 Si CZn Chl a CL Log Zn
2+ Znlabile
m temperature ◦C PSU µmol/L µL nM µg/L nM K′
ZnL,Zn2+
nM nM
NR-1 5 28.18 34.226 205.4 1.5 0.75 0.6
(6◦29′N,89◦57′E) 10 28.18 34.226 168.2 1.4 1.03 0.6
17 28.19 34.226 196.3 1.4 0.26 0.6 0.5 10.0 0.047
19 28.19 34.226 204.5 1.6 0.94 0.7
49 28.19 34.228 175.9 1.5 0.92 0.6 0.25
100 25.22 34.414 110.1 10.0 0.74 0.2 0.17
199 14.87 34.913 29.6 29.8 2.00 1.00
274 12.41 35.043 22.4 31.6 3.14 1.22
298 11.65 35.055 16.8 33.9 2.14 1.36
396 10.71 35.049 18.9 37.8 2.36 0.91
596 9.07 35.008 27.4 57.5 2.54 1.00
794 7.85 34.969 40.8 73.4 4.14 1.87
993 6.72 34.933 52.8 83.6 3.54 1.41
1486 4.55 34.852 107.3 4.83 2.11
2176 2.30 34.757 137.9 130.0 8.61 3.53
2842 1.80 34.736 158.2 135.2 8.43 3.27
MY-1 5 27.98 32.185 211.0 2.5 0.69 0.4 0.9 10.4 0.063
(10◦00′N,96◦00′E) 20 28.00 32.201 205.2 2.4 1.14 0.4
50 28.28 32.664 191.3 2.9 0.33 0.6
53 28.35 32.818 191.1 2.9 0.35 0.5 0.7 10.9 0.011
100 23.80 34.293 81.0 13.9 0.54 0.1 0.8 11.4 0.008
198 12.94 34.964 16.1 35.7 1.98 0.52
249 11.87 35.010 19.4 35.5 1.41 0.48
397 10.59 35.025 25.9 43.9 2.06 1.22
595 9.17 35.002 34.6 56.9 2.77
793 7.77 34.960 46.4 72.6 3.84 2.54
992 6.86 34.928 56.4 74.5 3.67 2.16
1486 5.32 34.876 75.2 101.8 4.28 3.14
1907 5.00 34.864 83.0 101.4 4.48 1.62
MY-2 5 28.10 32.411 213.6 2.6 0.13 0.3 0.5 10.7 0.007
(11◦00′N,96◦00′E)
MY-3 5 28.09 31.777 205.7 4.1 0.22 0.2 0.4 10.3 0.039
(12◦00′N,96◦00′E) 20 28.11 31.865 212.0 4.2 0.52 0.3
35 28.03 33.292 164.6 5.9 0.31 0.8 0.8 9.8 0.061
50 26.48 33.864 124.0 8.9 0.57 0.5
100 22.88 34.360 50.7 17.9 1.45 0.34
199 13.79 34.947 31.6 32.9 1.71 0.64
239 12.45 34.989 16.4 1.77 0.62
398 10.53 35.026 25.1 44.2 2.33 1.45
596 9.12 34.998 37.3 54.9 2.64
794 7.62 34.954 47.4 76.8 2.79 1.01
992 6.64 34.921 58.5 88.2 3.72 1.35
1486 5.25 34.872 71.8 104.2 4.31 1.42
1978 5.01 34.862 83.9 104.8 4.31 1.48
2367 4.99 34.861 80.5 107.5 4.69 1.59
MY-4 5 28.00 30.443 212.1 3.9 0.39 0.8
(12◦36′N,96◦00′E)
MY-5 5 27.78 28.771 224.1 4.3 0.23 1.2 0.6 10.0 0.036
(13◦36′N,95◦36′E) 20 28.24 31.474 202.6 3.9 0.14 0.5
(Continued)
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TABLE 1 | Continued
Station Depth Potential Salinity O2 Si CZn Chl a CL Log Zn
2+ Znlabile
m temperature ◦C PSU µmol/L µL nM µg/L nM K′
ZnL,Zn2+
nM nM
45 28.63 176.0 0.14 0.4 10.4 0.013
50 28.13 33.393 122.0 5.8 0.10 0.1 0.5 10.2 0.011
74 26.37 33.782 129.2 9.6 0.43 0.2 0.7 10.2 0.052
101 24.05 34.053 76.5 15.6 0.97 0.2 0.43
122 20.48 34.702 7.2 22.7 1.28 0.67
149 14.34 34.878 21.4 34.3 1.91 0.1
194 13.24 34.702 7.3 38.0 1.80 1.27
MY-6 5 27.88 28.624 221.6 16.3 0.12 2.6 0.7 9.6 0.023
(15◦00′N,96◦00′E) 10 27.94 29.443 216.7 11.1 0.11 2.5
15 30.81 30.771 200.4 5.4 0.03 2.2 0.9 10.1 0.002
20 31.05 30.977 197.2 5.4 0.07 1.9 0.6 9.7 0.013
31 31.53 31.553 183.2 6.2 0.07 1.0 0.7 10.2 0.006
40 32.40 32.293 150.8 8.1 0.22 0.2
51 32.65 32.625 126.5 10.3 0.20 0.1 0.5 10.4 0.019
59 33.08 33.086 106.8 10.9 0.21 0.1 0.5 10.2 0.030
FIGURE 3 | The vertical profiles of (A) salinity, (B) potential temperature, and (C) dissolved O2 in the northeastern Indian Ocean (NR-1) and the
Andaman Sea (MY-1 and MY-3).
the contrary, the highest Si concentration in the near surface
water, 16.3µM, was at the northernmost station of the Andaman
Sea (MY-6), which is close to the estuaries of the Irrawaddy–
Salween rivers.
Labile Zn Concentrations
The Zn titrations of most samples in the northeastern Indian
Ocean (NR-1, n = 12) and the Andaman Sea (MY-1, n =
7 and MY-3, n = 9) showed a linear increase with added
Zn2+, indicating that all of the natural ligands in the sample
were already saturated with Zn. To understand Zn speciation in
the saturated samples, we show the vertical profiles of Znlabile
(Table 1, Figure 4C). By using CSV under the same conditions
as those of titration (pH 8.2, addition of 25µM APDC, 12 h
equilibration time), Znlabile was determined in natural samples
without adding Zn and with no UV-irradiation. In this study,
Znlabile would include not only Zn2+ and inorganic Zn, but
also the part of Zn weakly complexed with organic ligands. The
Znlabile concentrations in NR-1 ranged from 0.17 to 3.53 nM
(49–2842 m), whereas those in the Andaman Sea ranged from
0.48 to 3.14 nM (MY-1, 198–1907m) and 0.34 to 1.59 nM (MY-3,
100–2367m; Table 1, Figure 4C).
Total Ligand Concentrations and Conditional
Stability Constants
In this study, CL and log K′ZnL,Zn2+ were obtained from only
one sample at 17m in the northeastern Indian Ocean and 16
samples between 5 and 74m in the Andaman Sea (Table 1). In the
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FIGURE 4 | The vertical profiles of (A) CZn, (B) Si, (C) Znlabile, and (D) fractions of Znlabile in the northeastern Indian Ocean (NR-1) and the Andaman
Sea (MY-1 and MY-3).
northeastern Indian Ocean (NR-1), the Zn titration for most of
the samples showed a linear increase with added Zn2+, indicating
that the natural ligands in the sample were already almost
saturated with Zn. Thus, only one estimate of log K′ZnL,Zn2+
could be obtained from the titration data for NR-1.
The CL and log K′ZnL,Zn2+ in the northeastern Indian Ocean
(NR-1, 17 m) were 0.5 nM and 10.0, whereas those of the
Andaman Sea (MY-1–MY-6) were 0.4–0.9 nM and 9.6–11.4
(Table 1), respectively. In the Andaman Sea, the highest CL,
0.9 nM, was observed at both MY-1 and MY-6 (Table 1).
The resultant free Zn2+ concentrations in the northeastern
Indian Ocean and the Andaman Sea were 0.047 nM and
0.002–0.066 nM, respectively (Table 1).
Discussion
Total Dissolved Zn
In the northeastern Indian Ocean (NR-1), the average of the
CZn within the upper 200m was 0.94 ± 0.53 nM (n = 7),
which is in good agreement with 0.96 ± 0.59 nM (n = 29)
reported in a recent study in the northern Indian Ocean (Vu
and Sohrin, 2013), but lower than 2.25 ± 1.18 nM (n = 26)
reported for the northwestern Indian Ocean (Saager et al.,
1992). From the surface to 1500m in depth, the vertical
distributions of CZn in the northeastern Indian Ocean (NR-1)
and the Andaman Sea (MY-1 andMY-3) showed almost identical
concentrations. Below 1500 m, the CZn in the northeastern
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Indian Ocean increased almost twice, from 4.83 to 8.61 nM,
whereas the concentrations remained nearly constant with depth
in the Andaman Sea, from 4.28 to 4.69 nM (Figure 4A). The
deep water of the Andaman Sea is separated from that of
the Bay of Bengal by the Andaman–Nicobar Ridge. Because
the Preparis Channel is shallower than 250 m, deep water
can be exchanged mainly through the 10 Degree Channel,
with a maximum sill depth of approximately 800 m, and
the Great Passage, with a maximum depth of approximately
1800m (Nozaki and Alibo, 2003). Okubo et al. (2004) used the
scavenging–mixing model with vertical distribution of 230Th to
estimate that the residence time in deep water (<1250m) is
6 years, suggesting that the deep water appears to be rapidly
replaced by the incoming waters from the northeastern Indian
Ocean across the sills and is then homogenized by vertical
mixing.
At the surface distributions, very low CZn, <0.3 nM, was
observed at <50m depth at northern stations (MY-5 and MY-
6), where the salinities were also low (28.624–33.393) (Table 1).
This indicates that the river water from the Irrawaddy–Salween
rivers affects CZn in the northern area of the Andaman Sea.
Figure 5 shows the CZn and Si concentrations as function
of salinity. CZn showed a trend of very low concentrations
in the low salinity zone, <34, in the northern Andaman Sea.
During the sampling period, the southwest monsoon from June
to November caused the outflows of freshwater from Irrawaddy–
Salween rivers to increase more than one order of magnitude
compared with results of the northeastern monsoon in winter
(Robinson et al., 2007). This freshwater outflow is the third-
largest contributor of sediment load after the Amazon and
Ganges–Brahmaputra rivers (Robinson et al., 2007). The high
level of sediment load from the Irrawaddy–Salween rivers may
be related to the lower CZn.
Flocculation of humic acids may lead to removal of trace
metals; however, the CZn will be less affected because Zn
appears to exist predominantly in inorganic forms in river water,
primarily with chloride (Hart and Davies, 1981; Kuwabara et al.,
1989). Sediment resuspension also could affect the removal of
trace metals. For example, pore water infusion is a major source
of Fe to the water column in high turbidity zones. Once released
into the water column, dissolved Fe is rapidly oxidized and
precipitated (Zwolsman, 1994). The in situ formation of Fe
(oxy) hydroxides, which are effective scavengers of dissolved Zn
(Johnson, 1986), will lead to the removal of dissolved Zn in a low
salinity, high turbidity area.
This study determined that the low concentrations of CZn
in northern stations (MY-5 and MY-6) are also correlated with
high Chl a contents. In MY-6, the northernmost station, the
highest Chl a content was obtained (2.6µg/L, 5m). This value
is significantly higher than those in the northeastern Indian
Ocean as well as those at southern station of the Andaman
Sea (Table 1). This result may indicate removal of CZn in the
northern Andaman Sea by biological uptake. The involvement
of trace metals in biological cycles is a well-known process in
the open ocean (Bruland et al., 1991); similar processes have also
been reported in estuaries (Kuwabara et al., 1989; Shiller and
Boyle, 1991; Zwolsman et al., 1997).
FIGURE 5 | Comparison of practical salinity with (A) CZn and (B) Si in
the northeastern Indian Ocean (NR-1) and the Andaman Sea
(MY-1–MY-6).
At the southern stations (MY-1, MY-2, and MY-3) of the
Andaman Sea, the CZn at <50m showed a similar range,
0.13–1.14 nM, compared with those of the northeastern Indian
Ocean (NR-1), 0.26–1.03 nM. During the summer, the Summer
Monsoon Current flows eastward as a continuous current from
the western Arabian Sea to the northeastern Indian Ocean
(Shankar et al., 2002). Therefore, the Summer Monsoon Current,
by intruding into the Andaman Sea, may influence the surface Zn
concentrations in both the northeastern Indian Ocean and the
Andaman Sea.
Relationship between Total Dissolved Zn and
Silicate
In this study, the CZn profiles were similar to those of
silicates (Figures 4A,B). Similar to that with the CZn, the
Si concentrations were different below 1500m between the
northeastern Indian Ocean (NR-1) and the Andaman Sea (MY-1
and MY-3) (Figure 4B).
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In contrast to the CZn, the Si concentrations in shallow water
of the Andaman Sea <50m at MY-5 (4.3–5.8µM) and MY-
6 (5.4–16.3µM) were relatively higher at than those in the
northeastern Indian Ocean (NR-1, 1.4–1.6µM), and at southern
stations (MY-1, 2.4–2.9µM) (Table 1). This result indicates that
the Si concentrations in MY-5 and MY-6 are influenced by
the Irrawaddy–Salween rivers. Figure 6 shows the relationship
between CZn and Si concentrations obtained in this study. In
the Andaman Sea, the slope value was relatively lower (0.043 ±
0.001) than that of northeastern Indian Ocean (0.052 ± 0.004)
(Figure 6).
In the northeastern Indian Ocean (NR-1), the CZn strongly
correlated with Si (R2 = 0.913; Figure 6). The obtained slope
value in the northeastern Indian Ocean, 0.052 ± 0.004, was in
a good agreement with that reported in a previous study of
the southwestern Indian Ocean (0.049) (Morley et al., 1993).
FIGURE 6 | Relationship between CZn and Si in seawater obtained in
the northeastern Indian Ocean and the Andaman Sea.
However, it is slightly lower than the values of 0.062 reported
in previous studies in the northwestern Indian Ocean (Saager
et al., 1992), 0.059 in the southern Indian Ocean (Gosnell et al.,
2012) and 0.064 in the northern and southern Indian Ocean (Vu
and Sohrin, 2013). The results of this study indicate that Zn is
relatively depleted than Si in the northeastern Indian Ocean.
The lower slope value of the Andaman Sea, 0.043 ± 0.001, is
attributed to the relatively high Si concentrations and lower CZn
in its surface layers (Figure 6). As previously mentioned, high
levels of sediment load from the Irrawaddy–Salween rivers could
affect removal of dissolved Zn by precipitation in a low salinity,
high turbidity area. Moreover, high Chl a contents were obtained
at this area, suggesting that phytoplankton uptake also could be a
reason for the low CZn.
If we subtract the Zn:Si data of deep water >1500m in the
northeastern Indian Ocean (NR-1), the slope value is calculated
as 0.038± 0.004, which is almost identical to that of the Andaman
Sea (0.043 ± 0.001). This similarity of slope values also supports
that both northeastern Indian Ocean and Andaman Sea could
communicate at depths above 1500 m.
Zn Complexation in the Andaman Sea
The CL in the Andaman Sea ranged from 0.4 to 0.9 nM, which is
lower than those in the other marginal seas (Table 2). Previous
studies showed higher CL in the Black Sea (7.8–16.6 nM) (Muller
et al., 2001); the Bering Sea (3.6 nM) (Jakuba et al., 2012); the Sea
of Okhotsk (2.6 nM); and the Sea of Japan (East Sea) (1.3 nM)
(Kim et al., 2015b). Only one CL value in the northeastern Indian
Ocean (NR-1) was calculated as 0.5 nM and is relatively lower
than those of the Andaman Sea, which might suggest some
specific ligand sources in the Andaman Sea. The CL generally
showed positive correlation with the CZn in this study (Figure 7).
In contrast, the CL was poorly correlated to the CZn in MY-6, the
northernmost station in the Andaman Sea.
The log K′ZnL,Zn2+ of natural organic ligands in the Andaman
Sea ranged from 9.6 to 11.5, which is higher than that reported
in previous studies of the marginal seas (Table 2). The log
K′ZnL,Zn2+ value in the northeastern Indian Ocean was 10.0,
which is comparable to that in previous studies in which the Zn
ligand was determined by using CSV in the open oceans such
as the western subtropical North Pacific (9.5–10.8); the western
TABLE 2 | Zn complexation data from other relevant seawater studies.
Region Sample CL(nmol/L) Log K
′
ZnL,Zn2+
Method References
OPEN OCEAN
Northeastern Indian Ocean 17m 0.5 10.0 CSV This study
MARGINAL SEA
Andaman Sea 5–100m 0.4–0.9 9.6–11.4 CSV This study
Sea of Okhotsk 20m 2.6 9.5 CSV Kim et al., 2015b
Sea of Japan (East Sea) 20m 1.3 9.2 CSV Kim et al., 2015b
Bering Sea 20m 3.6 9.6 ASV Jakuba et al., 2012
Black Sea 10m 7.8–16.6 9.7–10.7 ASV Muller et al., 2001
The values of log K′
ZnL,Zn2+
for ASV method are calculated by the equation (K′
ZnL,Zn2+
= K′
ZnL,Zn
′ × α
Zn
′ ).
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subarctic North Pacific (9.7–10.2) (Kim et al., 2015b); the eastern
subarctic North Pacific (10.5) (Lohan et al., 2005); the South
Pacific (10.6) (Ellwood, 2004); and the North Atlantic (10.0–10.5)
(Ellwood and van den Berg, 2000).
In the northeastern Indian Ocean (NR-1), as previously
mentioned, the Zn titration for most samples showed linear
increase with added Zn2+. Therefore, only one estimate of CL
(0.5 nM) and log K′ZnL,Zn2+ (10.0) could be obtained from the
titration data for NR-1. The detection window in this study is
from K′ZnL,Zn2+ = 10
7 to 1012 for a CL of 1 nM. Although the
detection window covers the range of K′ZnL,Zn2+ values reported
in previous studies (107.5–1011.3) (van den Berg, 1985; Donat and
Bruland, 1990; Ellwood and van den Berg, 2000; Ellwood, 2004;
Lohan et al., 2005; Jakuba et al., 2008), strong Zn complexing
ligands with K′ZnL,Zn2+ values>10
12 might not be detected if any.
FIGURE 7 | Comparison of CL and CZn in the northeastern Indian
Ocean (NR-1) and the Andaman Sea (MY-1–MY-6).
To determine the Zn speciation in Zn-saturated waters, we
also examined the vertical profiles of Znlabile (Figure 4C). At NR-
1, the fractions of Znlabile to the CZn ranged from 39 to 45%
at >500m, whereas those of MY-1 and MY-3 at >500m ranged
from 36 to 73% and 33 to 36%, respectively (Figure 4D). Because
we determined the Znlabile in the samples without acidification,
some of the Zn in the seawater may have been adsorbed onto
the walls of the storage bottles and the voltammetric cells. Recent
research has shown that the fraction of UV-irradiated seawater
without acidification (CUVSW) to CZn ranged from 85 to 94%
and has indicated that the differences between CZn and CUVSW
were caused partially by adsorption to the walls of bottles and
cells (Kim et al., 2015b). Even if the adsorption is considered,
non-labile fractions of Zn still exist through the water columns of
the northeastern Indian Ocean and the Andaman Sea. The non-
labile fractions of Zn likely include inert Zn-organic complexes
at specific conditions, as suggested in a previous study (Baars
and Croot, 2011). At >500m, the fractions of Znlabile between
NR-1 (39–45%) and MY-3 (33–36%), showed similar trends as
that of CZn, which differed below 1500m (Figures 4C,D). On
the contrary, relatively high fractions of Znlabile, 59–73%, existed
between 794 and 1486m at MY-1 (Figures 4C,D), although the
bottom sample showed a similar fraction range (36%) with that
of NR-1 and MY-3. Such high fractions of Znlabile at MY-1,
793–1486m, were likely affected by the continental slope, where
is in very close to MY-1 (Figure 1). There might be some specific
removal mechanisms for the Zn complexing ligand at those
depths.
Possible Sources of Zn Complexing Ligands
The origin of Zn complexing ligands is still under debate, in
which humic substances (Campbell et al., 2002), substances
from pore waters via estuarine marine sediments (Skrabal et al.,
2006), phytoplankton, and bacteria-excreted organic substances
(Bruland, 1989) are thought to act as the ligands. In the
open ocean, earlier study by Bruland (1989) mentioned that
Zn complexing ligands were possibly derived from bacteria
FIGURE 8 | Comparison of Chl a and CL obtained in this study and data from previous studies in the Sea of Okhotsk, Sea of Japan (East Sea), North
Pacific (Kim et al., 2015b), and Bering Sea (Jakuba et al., 2012), respectively.
Frontiers in Marine Science | www.frontiersin.org 11 August 2015 | Volume 2 | Article 60
Kim et al. Zn speciation in the Indian Ocean
and phytoplankton in the central subtropical North Pacific. In
high productivity regions, Zn complexing ligands might also be
derived from phytoplankton and bacteria. If organic substances
excreted by phytoplankton and bacteria are the main source of
Zn complexing ligands, a relationship between Zn ligands and
Chl a is expected.
The relationship between Chl a and the CL obtained in this
study was compared with those of previous studies (Figure 8). In
the Andaman Sea (fromMY-1 toMY-6), the relationship between
Chl a and CL differed from that of other marginal seas, in which
low Chl a and high CL can be observed. Previous studies in
the marginal seas mentioned that Zn complexing ligands could
be derived from the bacterial breakdown of particulate organic
matter in the Black Sea (Muller et al., 2001) and phytoplankton
in the Bering Sea (Jakuba et al., 2012). However, we could
not observe a clear relationship between Chl a and CL in
the Andaman Sea, even though the CL was slightly increased
with an increase in Chl a contents at the northernmost station
(MY-6; Figure 8). This result suggests that different sources of
Zn complexing ligands might be dominant in the Andaman
Sea. A previous study in the Sea of Okhotsk indicated that
humic substances from fresh water might be a source of Zn
complexed ligands in the Sea of Okhotsk, where the low salinities
in shallower waters are influenced by the fluvial discharge
from the Amur River (Kim et al., 2015b). The surface waters
of the Andaman Sea are also influenced by the Irrawaddy–
Salween rivers, which suggests that humic substances could be
a source of Zn complexing ligands. However, relatively high log
K′ZnL,Zn2+ values, 9.6–11.4, have been obtained in the Andaman
Sea compared with those of the Sea of Okhotsk (9.5) (Table 2),
indicating that Zn is strongly complexed with organic ligands
in the Andaman Sea. A previous study showed that terrestrial
humic substances are not strong chelators for Zn, whereas strong
ligands for Cu exist in estuarine environments, which suggests
that the largest fraction of complexing ligands found in estuarine
water columns is derived from sedimentary diagenetic processes
(Skrabal et al., 2006). Because the Irrawaddy–Salween rivers
are the third-largest contributor of sediment load influenced
(Robinson et al., 2007), this high level of sediment load might
be related with Zn complexing ligands, which are likely to be
complex and heterogeneous. Based on the first CZn and its
speciation data obtained in the northeastern Indian Ocean and
the Andaman Sea, further research is needed to clarify the sources
of Zn complexing ligands in these regions.
Conclusions
Our results show that a strong influence of fluvial discharge
from the Irrawaddy–Salween rivers might affect the surface
distribution of CZn and its speciation. In the northern Andaman
Sea, where high levels of sediment particles are transported and
Chl a contents are high, relatively lower CZn than those of
the southern Andaman Sea might suggest the removal of CZn
by inorganic coprecipitation and biological uptake in this area.
The vertical distributions of CZn in the northeastern Indian
Ocean (NR-1) and the Andaman Sea (MY-1 and MY-3) were
almost similar from the surface to a depth a 1500m. Below
that depth, the CZn differed, indicating that the deep water in
the Andaman Sea was rapidly replaced by the incoming water
from the northeastern Indian Ocean across the sills and was then
homogenized by vertical mixing.
In the northeastern Indian Ocean, although only one estimate
of CL and K′ZnL,Zn2+ could be obtained, probable CL are lower
than those of the Andaman Sea. In the Andaman Sea, we could
not observe a clear relationship between Chl a and CL, although
latter CL increased slightly with an increase in Chl a content
at the northernmost station (MY-6). This result may suggest
that sources of Zn complexing ligands other than bacteria and
phytoplankton might be dominant in the Andaman Sea, which is
largely influenced by the Irrawaddy–Salween rivers.
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